In constant strain rate tests, the occurrence of dynamic recrystallization (DRX) is traditionally identified from the presence of stress peaks in flow curves. However, not all materials display well-defined peaks when tested under these conditions. Using plain carbon, Nb-bearing and 321 austenitic stainless steels, it is shown that the onset of DRX can also be detected from inflections in plots of the strain hardening rate q against stress s or, equivalently, from inflections in ln q-ln s and ln q-e plots regardless the presence of stress peaks in the flow curves. These observations are verified by means of metallography. A unified description of the flow curve is introduced based on normalization of the stress and strain by the respective peak or steady state values. This approach reveals that, in a given material, the ratio of DRX critical stress to the peak or steady state stress is constant, as is that of the critical strain to the corresponding strain values. Furthermore, it is shown that the present technique can be used to establish the occurrence of DRX when this cannot be determined unambiguously from the shape of the flow curve.
Introduction
The strain at which dynamic recrystallization (DRX) is initiated is of considerable importance in the modeling of hot rolling mills. The impact of DRX on high temperature mechanical behavior has been best understood and quantified for constant strain rate compression or torsion tests. Typically, when DRX takes place in a constant strain rate test, stress-strain curves such as that of Fig. 1 are obtained. At sufficiently high temperature, DRX is initiated at some critical stress s c attained at a critical strain e c . As a flow softening phenomenon, DRX leads to a decrease in flow stress with increasing strain. In polycrystalline materials this stress decrease, however, does not occur immediately after the critical stress has been attained. Beyond this critical point, the stress continues to increase (Fig. 1 ) until the softening due to the progress of DRX balances the continuing strain hardening in the unrecrystallized parts of the material. This balance is manifested by the peak stress s p attained at the strain e p . Eventually, a strain independent steady state stress s s is attained, which also reflects the balance in the rates of hardening and restoration.
The major experimental difficulty in detecting the onset of DRX is that attainment of the critical stress s c (e c ) does not reveal itself in the flow curve, which remains smooth prior to and beyond the critical point (Fig. 1 ). For this reason, the presence of stress peaks in constant strain rate flow curves is often considered as the sole reliable indication of the initiation of DRX. [1] [2] [3] Flow curves without well-defined stress peaks are generally believed to pertain to mechanical behavior with dynamic recovery (DRV) as the only restoration mechanism.
Nevertheless, DRX takes place in many materials even though no clearly defined stress peaks are observed in laboratory flow curves. Examples of such materials include Nb microalloyed low carbon and austenitic stainless steels. When deformed in torsion at high temperatures and constant strain rates, these materials exhibit very smooth stress peaks [4] [5] [6] and frequently, in compression, no peaks can be seen in the flow curves at all. The occurrence of DRX in such steels, if this is to be identified solely from stress peaks, is therefore often questioned. Even more doubts arise when laboratory results are applied to conditions of industrial rolling.
The objective of the present work was therefore to outline an approach that allows for accurate identification of the occurrence of DRX even when constant strain rate mechanical tests do not reveal any stress peaks in the flow curves. In a companion paper, 7) the present approach is extended to the case of varying strain rate, such as applies to the trajectory of an element of material during passage through the roll bite.
Experimental
In the present study, steels of two types were employed, both of which are known to undergo DRX in high temperature constant strain rate mechanical tests. Steels of the first type show significant flow softening and pronounced peaks in their stress-strain curves. This type is exemplified by a plain low carbon aluminum killed (AK) steel here (0.04 % C, 0.22 % Mn, 0.012 % Si, 0.05 % Al). Steels of the second type are those that are generally known not to show appreciable flow softening in constant strain rate deformation. This type is represented here by a low carbon Nb microalloyed steel (0.05 % C, 1.41 % Mn, 0.29 % Si, 0.03 % Nb, 0.06 % Al) and an AISI 321 austenitic stainless steel (0.08 % C, 1.95 % Mn, 1.09 % Si, 18.56 % Cr, 9.10 % Ni). All compositions are in wt%.
Specially prepared ingots were hot rolled to 20 mm thick plates using a laboratory hot rolling mill. Standard cylindrical specimens with initial heights of 15 mm and initial diameters of 10 mm were machined from the plates with the specimen axes parallel to the plate transverse direction. Solution treatment for 30 min at 1 250°C was applied to dissolve possible precipitates and to simulate the condition of the austenite after slab reheating in industrial hot rolling. Specimens were then quenched prior to testing in a Gleeble ® 1500 thermomechanical simulator. In the tests, specimens were reheated to 1 100°C for 30 s and then cooled to the test temperature (900-1 050°C) at 5°C/s. After 20 s of soaking at the test temperature, the specimens were compressed at constant strain rates of 1.0-10.0 s
Ϫ1
. The stainless steel specimens were quenched immediately after deformation to study the microstructure by means of optical microscopy. The other materials were not quenched as the phase change made it difficult to carry out microstructural studies.
The conventional Gleeble ® 1500 operation mode is constant ram speed compression. In this case, the true strain rate increases exponentially with strain due to the progressively decreasing specimen height. Constant strain rate compression on the other hand requires the ram speed to decrease continuously. This was achieved by reducing the ram speed incrementally so as to maintain an approximately constant ratio of ram speed to current specimen height.
It must be noted that the inertia of the mobile parts of the Gleeble ® 1500 machine imposes severe restrictions on the deceleration and acceleration of the ram during incremental changes of its speed. A strain rate of 10 s Ϫ1 was thus the highest that could be reasonably well maintained during a test. At higher strain rates, it was not possible to accelerate or decelerate the ram in an acceptable manner within shorter time increments.
Results and Discussion

Mechanical Behavior and Determination of the DRX Critical Strain
The effect of temperature on the flow curves of the AK steel is illustrated in Fig. 2 . These curves exhibit the pronounced stress peaks that are indicative of the occurrence of DRX (except for the 950°C/10 s Ϫ1 curve, which is broader). The activation energies for hot deformation, Q def , determined from the peak and steady state stresses were 265 and 285 kJ/mol, respectively; these are somewhat higher than the values reported for similar steel grades tested in torsion. 8) Such differences may reflect the effect of test method, since the peak and steady state stresses in torsion are usually somewhat lower than those in compression for the same steel grade, temperature and strain rate. 9) Although the flow stress peaks in constant strain rate deformation are a good indication that DRX is well under way, they do not provide information about the onset of DRX. The DRX critical strain could, in principle, be determined metallographically from observations of the grain structure of quenched specimens. This technique, although the most reliable in general, is rendered more difficult by the presence of a phase change, and also requires the quenching of a considerable number of specimens deformed to strains both above and below e c . Thus metallography is not particularly useful for the precise determination of the critical strain.
Ryan and McQueen 5, 6) observed that the presence of a stress peak in a constant strain rate flow curve leads to an inflection in the stress dependence of the strain hardening rate, qϭ(∂s/∂e) e˙. Later, on the basis of considerations of irreversible thermodynamics, the inflections in q-s plots in nickel and austenitic stainless steels were shown to be due to the initiation of DRX. 10) This was subsequently confirmed by the observations in other materials. 11, 12) The strain hardening behavior of the AK-steel studied here is also consistent with this concept. As can be expected from the presence of stress peaks at all the temperatures and strain rates investigated, the inflections in the q-s plots ( Fig. 3(a) ) again serve as indications of DRX.
Mathematically, an inflection in a q-s plot is equivalent to a nul value of the second derivative, (∂ 2 q/∂s 2 ) e˙ϭ 0; at the same instant, the first derivative (∂q/∂s) e˙i s proportional to the work hardening rate g e˙,c at the critical point. (2) where C is a constant.
Equation (2) so that the ln q-ln s plot must also display an inflection at the onset of DRX ( (4) the ln q-e plot should also exhibit an inflection at the onset of DRX (Fig. 3(c) ). As mentioned above, the critical points for the initiation of DRX (s c , e c ) cannot be determined directly from flow curves. On the other hand, inflections in q-s plots allow for direct determination of the critical stresses and the critical strains can then be obtained from the initial flow curve. Alternatively, the critical strains can be determined from the inflection points of the ln q-e plots and the critical stresses can be subsequently obtained either from the q-s plots or from the initial flow curves.
It should be noted that to define the DRX critical strain precisely, it is necessary to determine the minimum in |Ϫ∂q/∂s | 10) or the minima in | Ϫ∂ ln q/∂ ln s | and |Ϫ∂ ln q/∂e |. Computation of the strain hardening rate q itself requires numerical differentiation of the initial flow curve. Such differentiation usually results in substantial noise in the q-values amplified by the input noise of the testing machine load cell during deformation. Double differentiation to obtain the | Ϫ∂q/∂s | values further enhances such noise. These can be filtered out using Fourier transform-based procedures. The logarithmic plots (e.g., ln q) further smoothen the noise from the differentiation and are therefore more convenient and accurate.
The critical stresses and strains determined on the AK steel from the inflection points are displayed in Fig. 4 ; the dependencies of the peak stresses and peak strains on the Zener-Hollomon parameter Zϭe˙exp(Q def /RT ) are also shown. Within the entire range of temperature and strain rate studied, the ratios of both s c /s p and e c /e p remain fairly constant (£0.77 and £0.52, respectively). The former is consistent with the generally reported value of 0.8 for C-Mn steels. 13, 14) The latter lies in the middle of the pub- lished range of 0.3 15) to 0.9.
13,14)
Earlier 10) it was suggested that DRV (dynamic recovery) and DRX behavior can be distinguished using inflections in the q-s plots as the sole indication of DRX, regardless of the presence of stress peaks in the flow curves. Evidently, the absence of a stress peak in a flow curve does not rule out an inflection in the corresponding q-s plot and hence the initiation of DRX. In other words, if DRX does not lead to a well-defined peak in a flow curve, it will nevertheless produce an inflection in the q-s plot. Indeed, zero strain hardening rate qϭ0 can be attributed both to the stress extremum and to steady state flow (cf. Fig. 1 ). If the stress extremum coincides with the beginning of the steady state, the q-s plot would have only one zero point. The evolution of q towards zero can then proceed either with or without an inflection, while in both cases the flow curve would actually have a similar monotonic shape without a stress peak. The point is made here that inflections in q-s plots should be considered as stronger indications of DRX than stress peaks.
This reasoning is supported by the results of compression testing of the 321 austenitic stainless steel (Fig. 5) . The flow curves (Fig. 5(a) ) do not exhibit any pronounced stress peaks, a characteristic that is typical for highly alloyed austenite. However, the q-s plots clearly inflect (Fig. 5(b) ), indicating that DRX has been initiated. The microstructure of a specimen quenched immediately after deformation to the vicinity of the "peak" confirms that DRX is well and truly under way (Fig. 6) .
The absence of well-defined stress peaks in the stainless steel flow curves did not permit definition of the conventional s c /s p and e c /e p ratios, particularly the latter. However, if the steady state stress s s is taken as the maximum stress instead of the peak stress, the initiation of DRX can be quantified in terms of the s c /s s ratio, which for this steel was found to be 0.93. This is considerably higher than 6 . Grain structure of the AISI 321 steel deformed at 950°C and 1 s Ϫ1 to eϭ0.3. Note that in this particular case the deformation of the specimen prior to quenching was well beyond the DRX critical strain (e c ϭ0.17) to ensure that the occurrence of DRX could be detected reliably.
the typically accepted value of 0.8. The strain ratio e c /e s was equal to 0.6, which is close to that for the AK steel.
The compression behavior of the Nb steel was similar to that of the AISI 321 stainless steel, despite the drastic difference in chemical composition. The Nb steel flow curves did not exhibit any stress peaks at any of the temperatures and strain rates investigated (Fig. 7) . As in the case of the stainless steel, the shapes of the flow curves suggest that the only restoration mechanism in the Nb steel is DRV and that DRX has not been initiated. However, the strain hardening plots do inflect (Fig. 8) , indicating that, contrary to expectations from the shapes of the curves, DRX does indeed occur in this steel, even at relatively low test temperatures. The activation energy for deformation was found to be 319 kJ/mol, which is close to the values reported for other Nbbearing low carbon steels that have been shown to undergo DRX. 4, 16) The DRX critical stresses and strains determined from the Nb steel q-s and ln q-e plots are shown in Fig. 9 . These values are higher than for the AK steel, as can be expected from the generally higher flow stress levels for the Nb steel. As in the case of the stainless steel, the steady state stresses were taken as the maximum stresses for estimation of the critical stress ratio. This was found to be s c /s p £0.85, which falls between the values for the stainless and AK steels; it is also higher than the commonly accepted value of 0.8. The critical strain ratio e c /e p was quantified in terms of e s , i.e. the strain at which the flow be- comes more or less independent of strain. For the Nb steel, e c /e p £0.55 (Fig. 9) , which does not differ much from the observed AK and stainless steel ratios.
A Unified Description of the Flow Curves
In a widely used concept of strain rate controlled plastic deformation, the stress-strain curve is viewed as representing a "transition" from the initial value of the flow stress to a saturation value corresponding to the strain independent stationary state of the material at a given strain rate and temperature. 17) At least for high temperature deformation, this concept is solidly grounded on a very large number of experimental observations.
The "transition" involves plastic strains that increase from zero to a sufficiently large value e s , at which the strain dependence of the stress vanishes, indicating that a dynamic balance between hardening and restoration has been achieved. In hot deformation, the strain e s is well known to depend on Z. From this standpoint, the flow stress can be represented as a function of the fraction of the total strain required for the material to evolve to its stationary state. The flow curve can then be described by a constitutive equation of the general form (5) where the values of the "normalized" plastic strain, wϭ e/e s , run from 0 to 1 and are independent of Z.
In a similar way, the flow stress at any given normalized strain w can be viewed as the degree to which the material has approached its stationary state s s ϭj(Z) in the course of deformation. That is, the ratio of the flow stress to s s , ................ (6) is independent of Z and takes values from 0 to 1. The form of the constitutive Eq. (5) is evidently applicable under the assumption of isotropic flow and, of course, both j(Z) and f (w) are material dependent functions and contain appropriate constants. Equation (5) suggests that, during deformation, the evolution of the material towards its strain independent stationary state j(Z) proceeds along the same path within the range of Z for which the function f (w) does not change.
The extended concept of plastic deformation 18) implies that the evolution of the material towards its stationary state involves several deformation (relaxation) mechanisms evolving at different rates, each of which eventually assumes its stationary value. As deformation proceeds, more and more mechanisms reach their stationary values, so that at sufficiently large strains only the slowest mechanism with the largest transient strain survives. 18) From this standpoint, the evolution function f (w) represents the slowest, deformation controlling, mechanism. If this mechanism operates within certain temperature and strain rate ranges, the "normalized", or Z-compensated, flow stresses for different Z values should coincide. In this case, the u-w plots obtained from the initial stress-strain curves for different Z values should fall on a single curve and the evolution function f (w) within the specified Z range can be said to be temperature and strain rate independent. When such coincidence is not observed, this indicates that the controlling deformation mechanism has changed (together with the evolution function f (w)) or that the assumption of isotropy is no longer valid. 19) A more complicated form of the constitutive equation, with another interrelation between the mechanisms of strain hardening and dynamic restoration and their rates, governing the evolution of the material towards strain independence must then be considered.
The constitutive Eq. (5) can be viewed as the superposition of thermal j(Z) and athermal f (w) contributions to plastic flow. Here, the function f (w) describes the athermal (i.e., temperature independent within the specified Z range) hardening behavior. The thermal component j(Z) specifies the rate at which the controlling mechanism operates under the given conditions of temperature and strain rate.
The Unified form for the DRX Critical Conditions
Formally the strain independent stationary state is attained at zero strain hardening rate q. Like the steady state stresses, the stress peaks in the flow curves are also indicative of a dynamic balance between hardening and restoration. Therefore, both of the characteristic stresses, s s and s p , can be used to define j(Z). Both are known to depend solely on the Zener-Hollomon parameter. This dependence, generally referred to as the hyperbolic sine law, has the form ..................... (7) where A, a, nϭ1/m, and Q def are material dependent coefficients that are slightly different for the peak and steady state stresses but remain constant within certain ranges of temperature and strain rate.
The dependence on temperature and strain rate of the strain at which qϭ0 in a constant strain rate test (i.e. the peak strain e p or the steady state strain e s ) is often described as a power function of Z (8) where D 0 is the initial grain size, and B, p and k are material constants. In the present work, the dependence on D 0 was not taken into account because the experiments were designed to keep the initial grain size constant. In what follows, the coefficients m (strain rate sensitivity of the stress) and k are of particular interest. From the flow curves, it was determined that mϭ0.15 and kϭ0. 19 . These are in good agreement with published data on C-Mn steels. [13] [14] [15] For the Nb steel, nϭ0.11 and kϭ0.09. The latter value is lower than the ones reported in the literature: kϭ 0.12Ϫ0.22 4) and kϭ0.17 20) for steels of similar composition tested in torsion. These deviations from the published data can stem from the effect of test method on the mechanical behavior. 9) In torsion, Nb steels exhibit very broad stress peaks 4, 16) located at strains as high as about 1.5. Such strains are not attainable in uniform uniaxial compression. The absence of any stress peaks in the flow curves shown above can therefore be attributed to the inability to attain
the necessary strains. Similar remarks apply to the steady state strains. Examples of the u-w plots deduced in this way from the present flow curves are displayed in Figs. 10 and 11. For the Nb and stainless steels, the flow stresses and strains were normalized by the steady state values.* As shown above, all the steels undergo DRX under the deformation conditions investigated here, so the differences in their evolution functions f (w) can be attributed to differences in their DRX behaviors.
As can be seen from Fig. 11 , increasing the alloying level of the steel leads to notable changes in the evolution function (and to significantly higher hardening rates) at low wvalues, i.e. in the initial stages of deformation. The hardening rate is the steepest for the stainless steel and the lowest for the AK steel. The more rapid evolution to the stationary state in the Nb and stainless steels can account for the absence of pronounced flow softening and stress peaks in these materials. The dynamically recrystallizing grains, which begin to nucleate at fairly high stresses (high s c /s s ratios), experience very rapid hardening similar to the rates applicable to the beginning of deformation. The flow stress in these grains rapidly levels off at the flow stress in the unrecrystallized matrix. As a result, although the grain structure is continuously changing due to the progress of DRX, the resulting volume average stress appears to be close to that of the matrix and, in turn, to the steady state stress, again because s c is close to s s . By contrast, the initial hardening rate of new recrystallizing grains in the AK steel is much lower, so that, after DRX has progressed to an appreciable extent, the volume average stress eventually decreases below that of the matrix. This leads to the macroscopic strain softening evident in the flow curves.
Once an evolution function has been established, at least empirically in the form of u-w plots, Figs. 10 and 11, the flow stress at any strain, strain rate and temperature can be calculated from this single curve. For this purpose, the functions s p ϭj(Z) and e p ϭy(Z) must be known from experiments or be able to be computed using Eqs. (7) and (8) . The procedure is as follows. Let the flow curve s 1 (e) be available for a given value of Z 1 (i.e. for a given e˙1 and T 1 ) and the empirical constants n and k in Eqs. (7) and (8) be known. It is now necessary to determine the flow stress at some arbitrary strain e* at Z 2 (i.e. for a different combination of e˙and T). The u-w plot (uϭs 1 /s p1 and wϭe 1 /e p1 ) is first constructed from the stress-strain curve. The value of w 2 *ϭe*/e p2 (which obviously differs from w 1 *ϭe*/e p1 ) is then calculated and the value of u 2 *ϭf (w 2 *) is found from the plot. Finally the desired stress is calculated directly from s 2 *ϭu 2 *s p2 . The entire Z 2 flow curve up to the maximum stress can be constructed in this way. Thus, for stress calculations, it is sufficient to have a single experimental flow curve and the explicit analytical form of the evolution function f (w) is not required.
The u-w plot can be differentiated to obtain the Z-independent evolution rate Note that the two derivatives are identical because ẇ ϭe˙/e p at constant strain rate. Ideally, the evolution rates derived from the flow curves at different Z-values will coincide with each other. As illustrated in Fig. 12 , the Q-u plots obtained from the flow curves shown above are fairly close to 
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* The notations e p and s p will be used from now on although it should be borne in mind that, for the Nb and stainless steels, these notations actually pertain to the steady state values. each other. These inflect, indicating that DRX is initiated in the ranges of temperature and strain rate of interest. For a given steel, the inflection points in Q-u plots correspond to approximately the same u-values (Fig. 12) , i.e., to approximately constant critical stress ratios u c ϭs c /s p . Since the flow curves form a single u-w plot at various values of Z, the onset of DRX must correspond to a single point in this plot. Consequently, the ratio of the critical strain to the peak strain, e c /e p ϭw c , is also approximately constant for a given steel deformed within a given temperature and strain rate range. Thus the critical ratio f (w c ) manifests the degree to which the final stationary state has been approached. This ratio remains constant as long as the evolution of the material follows the specific function f (w). The critical stresses and strains within the specified range of the deformation conditions therefore depend only on the stationary state of the material. Inasmuch as the onset of DRX corresponds to a single point on the u-w plot, both the critical evolution rate Q c as well as the quantity G c ϭ∂ ln u/∂w (which is the normalized critical work hardening rate in the u-w representation of the flow curves) are independent of temperature and strain rate. This generalizes the results of the earlier work, 10) where only the work hardening rate g c at the onset of DRX was shown to be approximately constant (cf. Eqs. (1) and (2)).
Experimental determination of the DRX critical stresses and strains now becomes easier. If the evolution function (athermal hardening) is shown to be temperature and strain rate independent, it is sufficient to obtain the q-s plot (or the equivalent logarithmic plots) for a single stress-strain curve. Next, the critical strain and the critical stress (as well as the critical values of w c and u c ) are evaluated at the inflection point. The ratios w c and u c can then be employed over the entire range of experimental conditions under consideration.
Conclusions
The absence of stress peaks in constant strain rate flow curves does not necessarily indicate the absence of DRX.
The onset of DRX can be detected from inflections in plots of the strain hardening rate q against stress s or, equivalently, from inflections in ln q-ln s and ln q-e plots regardless of the presence or absence of stress peaks in the flow curves. Inflections in q-s plots are considered as stronger indications of the occurrence of DRX than stress peaks. A unified description of the flow curve is introduced based on normalizing the stresses and strains by the respective peak or steady state values. This approach provides a basis for confirmation of the constancy of the ratios of DRX critical stress and strain to the corresponding peak or steady state values.
